230 Th in the ocean water column increase with depth due to scavenging 10 and downward particle flux. Due to the 230 Th scavenging process, any change in the calcium carbonate (CaCO3) fraction of the marine particle flux due to changes in biological CaCO3 hard shell production as a consequence of progressing ocean acidification would be reflected in the dissolved 230 Th activity. Our prognostic simulations with a biogeochemical ocean general circulation model using different scenarios for the reduction of CaCO3 production under ocean acidification and different greenhouse gas emission scenarios (RCPs 8.5 to 2.6) reveal the potential 15 for deep 230 Th measurements to detect reduced CaCO3 production at the sea surface. The time of emergence of an acidification induced signal on dissolved 230 Th is of the same order of magnitude as for alkalinity measurements.
Introduction
Progressing ocean acidification is a fact. It can be directly seen from measurements at Eulerian time series stations (e.g., Bates, 2007; Dore et al., 2009; Santana-Casiano et al., 2007) and also at larger depth from high quality deep 25 hydrography data (Olafsson et al., 2009) . Depending on the emission scenario for CO2, the decrease in ocean pH and the decrease in carbonate saturation will continue and become more pressing during this century (e.g., Orr et al., 2005; Steinacher et al., 2009; Bopp et al., 2013) . Temporal and regional patterns of changes in pH and carbonate saturation are relatively straightforwardly to project by Earth system models including marine inorganic carbon chemistry formulations (e.g. Bopp et al., 2013) . They also can be monitored through long-term high quality 30 measurements of the inorganic carbon system. However, monitoring impacts of ocean acidification on biological processes remains challenging. While for some organisms, especially corals (Kleypas et al., 1999) , detrimental effects due to decreasing pH and carbonate saturation have been determined, the various physiological impacts of ocean acidification on specific organisms and ecosystem functioning are still under investigation (e.g., IglesiasRodriguez et al., 2008; Kroeker et al., 2013; Meyer and Riebesell, 2015; Riebesell et al., 2007) . At present, a series 35 of possible pH-dependencies of governing marine carbon cycle parameters (such as elemental stoichiometric ratios and nutrient uptake kinetics under biological particle production) are discussed. So far, the potential decrease in calcification due to the lowering of carbonate saturation under high pCO2 is among the key changes which may be expected to occur, especially when it comes to organisms building aragonite shells (the meta-stable form of CaCO3, calcite has a lower solubility than aragonite) (Raven et al., 2005) . Two important questions emerge: 1. If changes in biological calcification would indeed occur in the ocean during the coming years -how can they be detected and monitored by observational frameworks (through which methodology and through which variable)? 2. In 5 which oceanic region could one observe early signals of these changes unambiguously at the earliest possible stage?
Development of such early warning systems is vital in order to check the validity of parameterisations of pHdependent processes in ocean models and to take appropriate mitigation/adaptation measures to diminish the 10 consequences of potential considerable ecosystem changes due to ocean acidification. Such changes could affect the marine food chain. In a global modelling study, Ilyina et al. (2009) quantified the detection thresholds for changes in alkalinity due to changes in a series of possible formulations for the reduction of calcification (with the term "calcification" we mean here the production of CaCO3 hard parts by marine biota) with pH decrease. The logic behind the approach of Ilyina et al. (2009) is as follows: If ocean acidification leads to a decrease in 15 calcification, more CO3 2-ions would be retained in the surface water and not become incorporated into CaCO3
shell material. Changes in CO3 2-ion concentration would induce a change in ocean total alkalinity, which could eventually be measured against an earlier baseline. According to that study, the tropical Pacific (with high CaCO3 production rates) would be the region for detecting such alkalinity changes first, as the anticipated change in CaCO3 production would be largest there in absolute terms. For intermediate dependencies of CaCO3 production 20 on pH/carbonate saturation, a reduction in biological calcification could unequivocally only be diagnosed from ca. year 2035 on. In the Arctic Ocean, where pH changes are expected to be most pronounced, large scale changes in calcification would be detectable even later on the basis of alkalinity measurements due to the overall lower biological production rates. Likewise, detection may be additionally complicated due to signals from natural seasonal and interannual variations in surface total alkalinity (Carter et al., 2016) . There is thus a need for the 25 development of novel detection methods. Heinze et al. (2006) Th, due to its affinity for scavenging to CaCO3 30 particles, a considerable increase in the concentration of dissolved 230 Th with depth and time was obtained in a sensitivity experiment with strong rain ratio reduction. In this paper here, we explore the option of using radionuclides for diagnosing changes in calcification and respectively reduced downward marine particle flux in more detail.
35

The concept -radionuclides and particles
We focus here on 230 Th, a long-lived radionuclide (half-life 7.5•10 4 yr) and a highly particle reactive metal. 230 Th is produced in the uranium decay series. As uranium has a very long residence time in the ocean and quasihomogenous concentrations in seawater, the present natural marine 230 Th source is constant everywhere in the ocean water column and thus ideally suited for using it as a tracer in modelling studies. 230 Th is strongly particle reactive and is removed from the water column quickly through scavenging by the vertical particle flux in the ocean (for a summary, please, see Henderson et al., 1999) . The majority of 230 Th is removed from the water column and will not re-enter the bottom waters, e.g., through sediment pore water diffusion (though resuspension may potentially cause some re-release). In spite of its strong particle reactivity, concentrations of dissolved 230 Th show 5 horizontal as well as vertical gradients in the water column which are induced by the oceanic current field and differential particle fluxes as well as particle concentrations (e.g., Henderson et al., 1999; Yu et al., 1996) The respective analog for the mass action law constant describing to which extent the reaction from left to right is 15 carried out is then given through the kd value governing the equilibrium between the dissolved and particle bound phases for the radionuclide:
Often, kd values are formulated to account for a shift of the equilibrium towards the particle-attached phase at low particle mass concentrations assuming that low particulate concentrations occur in parallel to low particle sizes 20 with correspondingly high reactive surface areas when compared to large particles (e.g. Honeyman et al., 1988) .
Respective formulations have been used successfully in 230 Th modelling studies (Heinze et al., 2006; Henderson et al., 1999) .
How would then the distribution of dissolved 230 Th in the ocean reflect changes in marine calcification at the sea 25 surface? There are indications, that 230 Th is attached first of all to CaCO3 and clay particles in the water column as preferential carrier phases (Chase et al., 2002 (Chase et al., , 2003 Luo and Ku, 1999, Hayes et al., 2015b) . Indeed, Heinze et al. particles. Other studies have indicated that preferential carrier phases may vary regionally in the ocean (Scholten 30 et al., 2005) . However, Heinze et al. (2006) could demonstrate that rain ratio changes (CaCO3:Corg) in marine biological particle export production could also be recorded, if 230 Th became in addition attached to particulate organic carbon (POC). A weakening of CaCO3 particle production would result in a less efficient 230 Th scavenging as less particles (in terms of mass) would be available to carry 230 Th to larger depths and finally the sediment.
Changes in the strength of CaCO3 production and the respective downward particle flux are reflected increasingly 35 better in the 230 Th distribution with increasing depth (see Heinze et al., 2006) due to two reasons. First, CaCO3
particles get less well degraded as POC (which is remineralised mostly in the upper 1000 m of the water column) and thus reach larger depth; this is also corroborated from sediment trap measurements (e.g., (Honjo, 1996) ).
Second, due to the scavenging of 230 Th by particles, the vertical downward particle flux, and the equilibration Th distribution as in a kind of "magnifying glass" (see Figure 1) . We investigate here, whether this feature can be exploited for an early detection method of large-scale reductions in calcification and correspondingly reduced rates in CaCO3 particle export and CaCO3 particle fluxes through the water column. 5
Model description
In this study, we use the Hamburg ocean carbon cycle circulation model HAMOCC (Maier-Reimer, 1993) in its annually averaged version (time step 1 yr, Heinze and Maier-Reimer, 1999; Heinze et al., 2009; Heinze et al., 2016 ) with a horizontal resolution of 3.5°x3.5°. This coarse resolution model is computationally very efficient and 10 useful when multiple integrations are needed such as for the testing and adjusting of scavenging codes. An advantage of this fast model is that it includes a fully equilibrated early diagenesis module (10 layers) under each grid point and thus can account for alkalinity changes induced by dissolution of CaCO3 from the seafloor. The model version employed here corresponds to the version as used in Heinze et al. (2009) and Heinze et al. (2016) with a slightly updated scavenging module of Heinze et al. (2006) with resepct to the formulation of the 15 equilibrium coefficient governing the distribution of 230 Th between the dissolved and particle attached phase (see below). For details, please, see these publications. The model uses a fixed ocean velocity field (and thus provides no dynamical computation of the ocean currents; velocities, temperature, salinity and ice cover are rather read from an input file). The model includes an atmospheric compartment ("slab atmosphere") which allows for prognostic computation of the atmospheric CO2 concentration as well as meridional atmospheric CO2 transport. 20
We describe here only briefly features of specific relevance for this study. The water column is structured into 11 layers (centred at 25, 75, 150, 250, 450, 700, 1000, 2000, 3000, 4000 , and 5000 m). The bioturbated top sediment zone of the early diagenesis module is divided into 10 layers which are separated by interfaces at 0, 0.3, 0.6, 1.1, 1.6, 2.1, 3.1, 4.1, 5.1, 7.55, and 10 cm ''downcore.'' We make the simplifying assumption that no pore water reactions take place below 10 cm depth in the sediment (see, e.g., Smith and Rabouille, 2002; Boudreau, 1997) . 25 The biogeochemical model includes the processes of air-sea gas exchange, biogenic particle export production out of the ocean surface layer, particle flux through the water column and particle degradation by dissolution as well as remineralisation, transport of dissolved substances with the ocean currents, deposition of particulate constituents on the ocean floor, pore water chemistry and diffusion, advection of solid sediment weight fractions (organic carbon, organic phosphorus, CaCO3, opal, and clay), bioturbation, and sediment accumulation (export out of the 30 sediment mixed layer). The model predicts the following tracer concentrations in the atmosphere, the ocean water column and in the sediments. Atmospheric tracers include the concentrations of CO2 (carbon dioxide) and O2. In the water column, concentrations of DIC (dissolved inorganic carbon), POC (particulate organic carbon), POP (particulate organic phosphorus), DOC (dissolved organic carbon), CaCO3 (calcium carbonate or particulate inorganic carbon), dissolved oxygen O2, dissolved PO4 3-as biolimiting nutrient, silicic acid Si(OH)4 and opal 35 (biogenic particulate silica BSi) are calculated. In the sediment pore waters, the same dissolved substances as in the water column, as well as solid sediment constituents such as clay, CaCO3, opal, and organic carbon are simulated. The inorganic carbon chemistry is computed following Dickson et al. (2007) . In the advection scheme and for the other chemical reactions, DIC and TAlk are used as ''master tracers'' form which derived quantities such as the CO3 2-concentration and the pH value are computed through a Newton-Raphson algorithm. In the annually averaged model as employed in this study, only export production of biogenic particles is modelled (and no explicit phytoplankton and zooplankton concentrations). Particle production takes place in the model surface layer representing the euphotic zone. Phosphate serves as biolimiting nutrient. POC and opal export productions are simulated following Michaelis Menten kinetics for nutrient uptake (e.g., Sarmiento and Gruber, 2006) simulated as a function of sea surface temperature as described by Heinze et al. (2003) . POP production follows POC production with a constant stoichiometry here. The export production of CaCO3 is coupled to the local 15 production ratio Popal/PPOC. It starts to increase gradually (parameter R see below) if Popal/PPOC sinks below a threshold value Sopal, i.e., when not enough silicic acid is available in the ocean surface layer to fuel full diatom growth: 
cpart is the concentration of particle bound Th we follow the formulation of (Honeyman et al., 1988) , which accounts implicitly for the changing reactive surfaces of particles with particle size:
where M is the particle concentration (here taken in mg particles per litre) and A as well as B are tuneable parameters. In addition to 230 Th we carry also 231 Pa as well as 10 Be in our model (see Heinze et al., 2006) , but focus 5 here on 230 Th only. For each of these radionuclides, the preferential carrier phase can be selected in a dedicated switchboard. For
230
Th scavenging, we used here CaCO3, POC, and clay as carrier phases. With introducing a particle specific scavenging following Hayes et al. (2015b) , the final formulation for the scavenging equilibrium coefficient then becomes:
Where C and F are the weighting coefficients and fractions of total local particle mass. The A, B, and C values are included in Table 1 . Atlantic and Pacific cross sections with the kd values for the control simulation without CO2 emissions is given in Figure S1 (in the Supplementary Material).
The clay flux is computed according to the modern dust deposition from Mahowald et al. (1999) assuming that respective clay particles are chemically quasi-inert in seawater. Particle bound 230 Th phases never get to zero, even 15 if all biogenic particles may get degraded, because at each grid point there is -at least a tiny -dust flux consisting of inert clay. Therefore, particle concentrations as such never go to zero (a minimum concentration could be prescribed, but this was not necessary in our case). Because the Atlantic dust deposition may be overestimated (Gehlen et al., 2003) , we assumed for the 230 Th scavenging only 25% of the respective clay flux strength in order to avoid too strong scavenging in Atlantic surface waters (see also our sensitivity experiment assuming 100% in 20 comparison below). We allow biological production under sea ice scaled with the local sea ice thickness.
Control run, scenario experiments, and sensitivity experiments
The model was spun-up re-starting from an earlier integration and computed into quasi-equilibrium including the sediment over 40,000 years. The equilibrium coefficient kd was determined through a visual fit to observations of dissolved 230 Th taken from the literature (Bacon and Anderson, 1982; Bacon et al., 1989; Chase et al., 2002; 25 Cochran et al., 1995; Cochran et al., 1987; Colley et al., 1995; Guo et al., 1995; Huh and Beasley, 1987; Moore, 1981; Moran et al., 1997; Moran et al., 1995; Nozaki and Horibe, 1983; RoyBarman et al., 1996; Scholten et al., 1995; Vanderloeff and Berger, 1993; Vogler et al., 1998) and combined with the data as given in the GEOTRACES Intermediate Data Product Version 3 (Mawji et al. , 2015; Hayes et al., 2015a,b; Deng et al., 2014) . Important global bulk numbers and the parameters for the partitioning 30 coefficient kd are listed in Table 1 .
Meridional sections of dissolved 230
Th concentrations for the Atlantic and Pacific Oceans are given in Figure 3 .
The vertical distribution clearly shows the increase of concentrations with depth due to the downward transfer of 230 Th with the marine particle flux. A comparison of simulated and observed dissolved 230 Th values in the water 35 column along a meridional Atlantic cross section (Figure 4 ) indicates that the model dissolved 230 Th is in fairly good agreement with observations, except for a strong overestimation in some bottom water locations. This could be due to deficiencies in the flow field and corresponding problems or due to the lack of explicit simulations of hydrothermal vents and sediment resuspension. We carried out a respective sensitivity experiment (see discussion further below). A scatter plot of modelled and observed 230 Th values and the locations of stations with observed data are shown in Figure 5 . The standard-run export production rates for POC and CaCO3 are given as maps in Figure 6 . 5
An overview concerning the model all model simulations is given in Table 2 .We carried out model projections under four different scenarios for changes in calcification (including control runs with constant calcification but rising atmospheric CO2) and four different scenarios of the future development of the atmospheric CO2 concentration (C8.5-2.6, L8.5-2.6, M8.5-2.6, and E8.5-2.6, see Table 2 ). All scenarios were restarted from the 10 same previously performed spin-up model run reflecting a preindustrial biogeochemical state of the ocean.
Throughout the experiments, the ocean circulation field was not changed. The model was integrated during the calendar years 1200-2300 spanning a period of 1100 years. In the model spin-up simulation, the atmospheric CO2 concentration was a prognostic variable. For the computations from 1700 onwards, we prescribed the atmospheric As an indication for the robustness of our results, a suite of sensitivity experiments was carried out. In a first set of sensitivity experiments (P1-P5, Table 2 ), we investigated how much the preindustrial control simulation depends on selected parameter choices. In P1, parameter A for kd first guess was slightly increased from 5.8 to 6.0 in 30 order to test the dependency of the result from small changes in the still not very precisely know kd value for 230 Th.
The effect of release of material from hydrothermal vents and resuspension of material from the sediments, we carried out experiment P2 with a strong increase in scavenging in the lower most wet model grid cells (directly over the ocean floor). To this end, parameter A for kd first guess was increased by 0.5 units in these grid boxes. In our general reference run P0 we applied scavenging to clay, as if the clay flux would only be 25% of its prescribed 35 value. Therefore, we added also run P3, where 100% clay flux was assumed also for the 230 Th scavenging. Finally, in experiments P4 and P5, we switched off the scavenging to POC and CaCO3 respectively in order to see the importance of these two biogenic particle species on the 230 Th distribution.
In a second set of sensitivity experiments, we tested how sensitive the future projection of dissolved 230 Th is in view of other factors than changes in CaCO3 production (S1-S5, see Table 2 ). Because we use an annually averaged model without seasonal cycle and also employed fixed annul mean velocity field, we have to use approximations in order to see the effect of a change in the velocity field or other changes involving interannual/decadal variability.
We use here the time series of the Atlantic Meridional Overturning from the fully fledged Earth system model 5
NorESM for a historic ramp-up and subsequent RCP8.5 forcing (Tjiputra et al., 2016 ; see Figure 2 therein). In experiment S1, we scaled the three-dimensional velocity field (and also the convective mixing representation) of our simplified model with this time series, leading to an overall reduction in circulation strength. The formulation for this scaling is:
with Y being a scalar variable (such as the velocity components in the x-, y-, and, z-directions, the convective adjustment, or other specific biogeochemical parameters), Y scaled the value as updated for the sensitivity experiments, Y reference the original value as used in the reference run, and ΔOverturning the relative change in
Atlantic meridional overturning between a specific year after year 1850 and year 1850 itself (ΔOverturning would be zero until 1850). Using this scaling, we also investigated separately from a circulation change the consequences 15 of variations in the maximum nutrient uptake velocity Vmax in our simple trophic model (a reduction in Vmax could be seen as a deterioration of growth conditions for plankton under climate change) (run S2), and in the sinking velocity of particles (corresponding to, e.g., a loss in ballast material) (run S3). In experiments S4 and S5 finally, the simultaneous effects of changes in the circulation, Vmax, and the particle sinking velocity were explored for the moderate (S4) and the extreme (S5) calcification scenarios. The list of potential factors with an influence on 230 Th 20 is much longer, however, our choice of factors covers at least the physical forcing through the velocity field, surface biogeochemistry through Vmax, and three-dimensional biogeochemistry through the particle sinking speed.
Results and discussion
The results from the sensitivity experiments relative to the preindustrial control run are summarised in Figure 7 . 25 Increasing the scavenging equilibrium coefficient in general (run P1, Figure 7a We discuss now the results for the projections. According to the various scenarios applied, considerable changes in surface alkalinity (not shown) and corresponding changes in CaCO3 export production evolve at high CO2 (Figure 8 ). The effect is on the average larger in the Pacific than in the Atlantic due to the overall higher modelled 40 biological production rates of CaCO3 in the Pacific Ocean. The extreme calcification scenario would lead to vastly reduced CaCO3 export production after year 2100 in all RCPs except the most moderate RCP2.6 where even a partial recovery occurs. In order to look for most suitable regions for detection of ocean acidification effects on CaCO3 particle fluxes using modern 230 Th data, we plotted the year of emergence for different reference years and different assumed detection levels ( Figure 10 ). The year of emergence is defined here as the earliest possible year of a potential detection in case that the 230 Th signal (rate of change over time) is only influenced by a decrease in calcification and not any other processes (such as potential shifts in circulation and associated changes in biological particle 35 production). We choose 2010 as reference year, to which the 230 Th activity at a later stage would be compared to, and 0.075 dpm/1000l as limit for the detection of a signal. For the moderate calcification scenario, the time of emergence at least at 4000 m would be comparable to the time of emergence as potentially inferable through repeat surface alkalinity measurements (Ilyina et al., 2009) (Figure 10a-b) . For the extreme scenario the signal would be identifiable considerably earlier. The signal emerges earliest in deep Pacific waters. 40 The results on the early warning indicator as shown in Figure 10 are based on the simplifying assumption, that only changes in calcification caused by ocean acidification influence the water column 230 Th concentrations under 5 progressing acidification and climate forcing. We, therefore, also mimicked the effect of interannual/decadal variability in circulation and biogeochemical parameters (run S1-S5, Table 2 ). Comparing the projections under RCP8.5 and the moderate calcification scenario for the case without interannual/decadal variability (run M8.5, Table 2 ) with the one including variability (run S1-3, Table 2 ) for the middle of this century reveals differences in the order of the assumed detection level for changes in the velocity field and the particle sinking velocity and 10 smaller changes for varying Vmax (Figure 11a-f) . The effect on modulating water column 230 Th can be quite variable for different oceanic domains. Deviations can add-up or compensate each other locally. For simultaneous changes of circulation, Vmax, and particle sinking velocity, the overall deviations from the run without variability amount to 2-3 times the theoretical detection limit (Figure 11g-h) . We repeated the analysis of the time of emergence with the runs including interannual variability for the moderate (S4) and also the extreme (S5) scenario. For this 15 analysis, we again chose 2010 as the reference year but increased the detection limit to 2.5*0.075 dpm/1000l.
Under these more realistic conditions, the time of emergence would be shifted to the end of the century for the moderate calcification scenario and to the middle of the century for the extreme scenario (Figure 12 ).
The question arises, whether surface alkalinity and deep 230
Th measurements possibly could be combined 20 successfully in order to detect ocean acidification impacts on calcification. We could, so far, not detect any simple relationship between surface changes in CaCO3 export production, surface alkalinity, and The distributions show a somewhat consistent picture without interannual/decadal variability (run M8.5, Figure  25 13a-b) with general rises in both surface alkalinity and deep 230 Th. For the case including interannual/decadal variability (run S4, Figure 13c -d) the temporal gradients in both variables become smaller and the deep 230 Th even may reverse. This does not mean that it would be impossible to construct a combined Th tracer, only that such a tracer cannot be derived from this study..
30
As compared to the detection approach for ocean acidification impacts through total alkalinity measurements as pursued by Ilyina et al. (2009) Th from areas of low particle concentrations to those with high particle concentrations (especially at ocean margins at shelf seas) is not spatially resolved in our model.
Further uncertainties are associated with the choice of the kd values and particle specific reactivity.
The extreme scenario on pH-dependent CaCO3 production is likely to be an overestimation. According to the results from this study and Ilyina et al. (2009) a respective large change in the real world would probably have been detected through the alkalinity signal and other methods such as remote sensing and sediment trap measurements already. In addition, the reaction of CaCO3 shell producing organisms to sinking carbonate saturation levels is not a simple function and can vary between taxa (Kroeker et al., 2013) . 5
The detection method for ocean acidification impacts through 230 Th would work best, if the preindustrial values for dissolved oceanic 230 Th activities could reliably be reconstructed. From core top samples and corals, one could possibly determine whether the particle attached 230 Th activities and hence those of the dissolved fraction would have undergone any variations over the last centuries and millennia. However, the overall uncertainties associated 10 with the formation and analysis of the paleo-record values may be too high to provide an accurate enough baseline for comparisons with modern water column measurements.
Conclusions
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Figure 2: Assumed sensitivities of CaCO3 export production in response to changes in calcite saturation. The rain ratio coefficient is used as factor "a" applied to the right hand side of the equation for CaCO3 production (see eq. 1). For the control run, "a" was fixed at each grid point according to the prevailing pre-industrial carbonate saturation (following the moderate sensitivity). Blue: Moderate sensitivity. Green: Linear sensitivity. Red: Extreme sensitivity. The shape of the curves would look similar at each grid point; only the pre-industrial cross-over point would be different. 
